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Introduction
Nanometer-sized semiconductor crystal, so-called semiconductor nanocrystals or quantum dots (QDs), exhibit bright and wavelength tunable photoluminescence (PL) due to the quantum confinement effects. In particular, colloidal dispersion of semiconductor QDs with high chemical stability in aqueous media and high photo-stability during long-term illumination have been expected to take the place of organic dyes as nanoprobes for bio-imaging applications. 1 High-quality cadmium (Cd) and lead (Pb) chalcogenide QDs are commercially available. However, the toxicity of these QDs raises concerns for applications in biology and demands focused efforts aiming at the development of alternative solutions.
Silicon (Si) QDs are the most promising alternatives to toxic Cd-and Pb-based QDs because of the compatibility with biological substances and the bio-degradability. Numerous efforts have been made to develop water-dispersible and highly luminescent Si-QDs for the biological applications. 2, 3 However, development of such systems is still challenging due to the difficulty of synthesizing high quality Si-QDs with bright photoluminescence (PL) in biological transparent windows (700-1200 nm) and with colloidal stability in aqueous solution. Recently, we have developed a new type of all-inorganic colloidal Si-QDs. The Si-QDs consist of a nanocrystalline Si core and heavily boron (B) and phosphorus (P) doped shell, which induces negative surface potential and stabilize QDs in aqueous solution. B and P codoped Si-QDs are well-dispersed in water and exhibit excellent pH-and photo-stability of the PL. The PL wavelength is tunable in a very wide wavelength range (700-1400 nm). 4 A drawback of the Si-QDs is a relatively small PL efficiency compared to that of Cd-and Pb-based compound semiconductor QDs. A promising approach to overcome the problem is utilizing enhanced electric fields accompanied by the excitation of localized surface plasmon resonances (LSPR) of metal nanostructures. It is well known that the enhanced local electric field in the vicinity of plasmonic nanostructures results in an increase of the local density of photonic states (LDOS), which leads to the enhancement of the radiative decay rate of antenna-coupled emitters. This coupling effect boosts the quantum efficiency by overcoming the fast relaxation into non-radiative decay channels.
In this work, we present a facile synthesis route of colloidal Au nanorods decorated with Si-QDs. Detailed PL studies including decay time at different emission wavelengths show enhancement of the spontaneous emission rate in the absence of non-radiative quenching by properly tuning the separation between QDs and metallic nanorods. Furthermore, the PL from individual QD-nanorod composites exhibits the same polarization dependence as the light scattering of the longitudinal plasmon mode of Au nanorods. These results in combination with theoretical calculations of radiative and non-radiative rates based on the boundary element method 
Materials and Methods
Colloidal Si-QDs of two different sizes were prepared by the method described in detail elsewhere. 4 The average diameter of Si-QDs is 3.3±0.9 (see Figure 1(a) and (b) ). The QDs are well-dispersed in water without organic ligands. Positively-charged polymer-coated Au nanorods (A12-40-750-POS) were purchased from Nanopartz Inc. (Loveland, CO) and used as received. A representative transmission electron microscope (TEM) image is shown presented in Figure 1 (c) and (d). The average length and width of the nanorods were 131±8 and 57±5 nm, respectively. A uniform polymer layer can be seen in Figure 1 (d). The average thickness of the polymer layer is 8 nm with a standard deviation of 30%, which plays a crucial role for plasmonic-coupling between QDs and nanorods Colloidal Si-QDs prepared in this work are negatively charged (-25 mV in water at pH 7) and Au nanorods are positively charged (+35 mV in water at pH 7). Therefore, by mixing Si-QD solution (1×10 16 QDs/mL) with concentrated Au nanorod solution (1.7×10 10 nanorods/mL) for 2 days, QDs attach to the surface of the nanorods by the electrostatic interaction. The mixed solution was subjected to centrifugation to remove unattached QDs, and QDs-decorated Au nanorods were redispersed in DI water. TEM observations (Tecnai Osiris, FEI) were performed for carbon-coated TEM meshes on which the solution containing Si-QD-decorated Au nanorods was drop-coated. Absorption spectra of QDs and nanorods were acquired with a spectrophotometer (CARY 5000, Varian). Dark-field scattering and PL images of composites were obtained using an inverted microscope (IX71, Olympus) equipped with a high-resolution electron multiplying charge coupled device (EMCCD) (iXonEM, Andor). For dark-field measurements, the samples were illuminated through an air dark-field condenser. To obtain PL images, a 100 W mercury lamp (U-LH100HG, Olympus) with 10 nm bandpass filter centered at 430 nm was used as an excitation source. The excitation light was filtered using a proper long pass filter and only emission from composites was detected by CCD. In this condition, Au nanorods without Si-QDs do not show any PL in the images. Polarization-dependence of scattering and PL images were taken with a polarization analyzer placed in front of the detector. PL spectra and decay dynamics were measured using a monochromator (Oriel Cornerstone 260, Newport) and photomultiplier tubes for visible (Oriel 77348, Newport) and near-IR (R5509-73, Hamamatsu) regions. The excitation source was electrically-modulated light from laser diode of 405 nm (IQ1A-100, Power Technology Inc.). All the measurements were carried out at room temperature. Figure 2(c) displays a normalized PL spectrum of Au nanorods decorated with Si-QDs. We also plot the PL spectrum of reference (Si-QDs without nanorods in water) and the extinction spectrum of Au nanorods. We do not observe a dramatic change of the PL spectral shape by the coupling with Au nanorods. To investigate the spontaneous emission rate of QDs coupled to Au nanorods, we measure the PL decay curves in a wide wavelength range. The PL decay curves of Si-QDs are not a single-exponential function. In this work, a stretched exponential function,
Results and Discussion
where τ is the measurable decay constant and β is the stretching parameter of the decay, is used to estimate the lifetime of Si-QDs. The fitted β values vary from 0.55 to 0.85 for QDs coupled to nanorod, indicating a significant distribution of decay rates for each emission wavelength. According to the stretched exponential theory, an average lifetime can be defined as τave =τ β
), where Γ is the Euler gamma function. 6 We approximate the decay rate with Γave = τave -1 and calculate the enhancement factors by considering the ratio of decay rates of QDs with and without Au nanorods. The decay rate enhancements are shown in Figure 2 (d), which shows a clear dependence on the emission wavelength.
The maximum enhancement reaches approximately 1.4. The enhancement factor is larger at the wavelengths of the longitudinal LSPR mode of the nanorods. In Figure 2(d) , at emission wavelengths on both sides of the peak, the decay rate enhancement factor approaches unity. This indicates that, irrespective of wavelength, the non-radiative energy transfer commonly observed for emitters positioned very close to metal (2-5 nm) surfaces 7, 8 is suppressed by the presence of the polymer spacer layer. We performed the same measurements for Si-QD-decorated Au nanorods using a thinner polymer layer. In this case, the decay rate enhancement is approximately 3.5 for the overall PL spectrum. This proves that non-radiative decay channels are dominant for this sample. To study the coupling between QDs and Au nanorods more in detail, we measure the PL polarization properties. Figure  3(a) shows the polar plots of the dark-field scattering intensities of a representative composite as a function of the analyzer angles. Since the strong dipolar LSPR of Au nanorods is inherently polarized along their major axis (longitudinal mode), the scattered light from the nanorod is also linearly polarized along the major axis. 9 Figure 3(b) shows the polar plots of PL intensities of the same nanocomposite (red). The PL from QDs attached to the nanorod is also highly polarized along the major axis of the nanorod. We observe similar features for several spots in different areas. The linearly polarized emission from randomly oriented emitters coupled to metal nanostructures has been reported for Au nanorods coated with dye-doped silica shells. 9 Note that the PL from an "ensemble" of QDs is expected to be unpolarized due to the random orientation of the QDs. In Figure 3(b) , we confirm this by comparing the polarized emission of Si-QDs coupled and uncoupled to Au nanorods. The linearly polarized PL from nanocomposites reflects the PL enhancement of Si-QDs due to the plasmon coupling with longitudinal modes of Au nanorods. The enhancement of spontaneous emission rate in Figure 2 is explained by the enhancement of LDOS due to the LSPR of Au nanorods. To discuss the contribution of the radiative and non-radiative rates to the quantum efficiency of Si QDs-decorated Au nanorods, we performed theoretical calculations using the MNPBEM code, 10 which is based on the rigorous boundary element method. The decay rates in the vicinity of Au nanorod with the diameter of 60 nm and the length of 126 nm have been simulated by placing point dipoles at fixed distances from the nanorod surface with tabulated dispersion data.
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The results are normalized by the emission rate of a dipole in water, and thus we use the term radiative and non-radiative rate enhancements to describe the modification of decay rate due to the presence of a Au nanorod.
In order to quantitatively determine the quantum efficiency enhancement, we now combine experimental and theoretical results. We focus on the wavelength at 750 nm (Peaks of QD PL and nanorod scattering). The intrinsic quantum efficiency (Q0) of Si-QDs is expressed as Q0 = γr 
. Here, Γr is the modified radiative rate, and Γr/γr 0 corresponds to the Purcell factor 12,13 with respect to the emission of a dipole in water and Γabs is the plasmon-induced non-radiative rate due to the absorption by the metallic nanorods. In Eq (1), we assume that only the radiative rate is modified by the coupling with Au nanorods because the intrinsic non-radiative rate (γnr 0 ) arising from material imperfections of Si-QDs is not affected by the local electromagnetic environment. Table 1 , we summarize the results at 750 nm (the QD PL peak). By coupling with Au nanorods, the quantum efficiency of QD emission is enhanced by a factor of 2.8. We notice that this large enhancement is achieved only by engineering the radiative decay rate without the contribution from excitation enhancement (pumping enhancement). We also observe that the calculated Q0 is in excellent agreement with measured PL quantum yield (6.9±0.7%) of our Si-QDs in water, 15 which proves the validity of our analysis. 
Conclusion
We have developed a novel plasmon-coupled fluorescent platform based on Au nanorods decorated with Si-QDs. Through PL decay dynamics measurements performed over a wide wavelength range, we have shown enhanced decay rates that follow the LSPR scattering spectrum of nanorods. The PL imaging and scattering maps of individual nanocomposites demonstrate that the polarized PL of Si-QDs is driven by the efficient excitation of the longitudinal mode of Au nanorods. From a systematic PL analysis performed in partnership with theoretical calculations, we demonstrated a quantum efficiency enhancement of Si-QDs up to approximately a factor of 3. Si-based plasmon-coupled nanocomposites prepared by facile and cost-effective method are very promising candidates for the development of biocompatible fluorescent nanoprobes of interest to biosensing and bio-imaging technologies. 
